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INTRODUCTION
The pancreas is an endoderm-derived organ with dual functions. Acini have a digestive role and secrete enzymes reaching the duodenum through a network of ducts. The other function is endocrine; the islets of Langerhans secrete several hormones, including glucagon and insulin, that control blood glucose homeostasis. The destruction or functional impairment of the beta cells producing insulin (INS) leads to glucose intolerance and eventually diabetes. The etiology of type 2 and type 1 diabetes is multifactorial, including both environmental and genetic components. However, rare forms of diabetes are monogenic and give clues about beta cell physiology and formation. Indeed, mutations in genes involved in insulin production or secretion, such as glucokinase, GLUT2 and INS itself, lead to mellitus diabetes. Other mutations affect genes involved in beta cell formation during embryogenesis (Ashcroft and Rorsman, 2012) .
In mouse, pancreas formation starts around 8.5 days after fertilization (E8.5) with the specification of two regions of the foregut expressing PDX1 and HNF1B (Gu et al., 2002; Haumaitre et al., 2005) . Both regions grow and bud into the surrounding mesenchyme. The epithelial cells of the buds will rearrange to form a pancreatic tree at around E12.5 (Kesavan et al., 2009; Pan and Wright, 2011) . Prior to this, the bud comprises predominantly multipotent pancreatic progenitors, some of which have already progressed to endocrine progenitors and beyond to alpha cells. Thereafter, the so-called secondary transition starts. Cells located at the tip of the tree differentiate into acini, whereas the progenitor cells lining the ducts, expressing SOX9, PDX1, HNF1B and ONECUT1 (also called HNF6), restrict their potency to give rise to either functional ductal cells or to neurogenin3 (NEUROG3)-expressing endocrine progenitors Shih et al., 2012) . The latter delaminate and differentiate into the five types of endocrine cells: beta cells, alpha cells secreting glucagon, delta cells secreting somatostatin, PP cells secreting pancreatic polypeptide and epsilon cells secreting ghrelin (GHRL) . These cells cluster and form the islets of Langerhans at late gestation and during the first weeks after birth (Pan and Wright, 2011) .
Monogenic diabetes is often a multi-organ disorder, sometimes comprising renal defects, as for example in Ivemark's syndrome (Ivemark et al., 1959; Vankalakunti et al., 2007) , ciliopathies like Bardet-Biedl and Alström syndromes (Green et al., 1989; Marshall et al., 2005; Kousta et al., 2009) , or some cases of neonatal permanent diabetes with hypothyroidism, in which Glis3, a transcriptional activator of Neurog3, is mutated (Taha et al., 2003; Senée et al., 2006) . Maturity onset diabetes of the young 5 (MODY5) is a more frequent syndrome associated with diabetes and renal defects. MODY5 patients are characterized by mutations in HNF1B (Horikawa et al., 1997; Bingham and Hattersley, 2004) . Although the human mutations have not been engineered into the mouse, whole-gene deletions in humans result in more severe phenotypes than those seen in mouse heterozygous Hnf1b loss-offunction (Ulinski et al., 2006) . Zygotic Hnf1b deletion is lethal due to extra-embryonic tissue defects. Later mosaic or organ-specific inactivation of Hnf1b leads to pancreas agenesis or kidney cyst formation (Barbacci et al., 1999; Gresh et al., 2004; Haumaitre et al., 2005) . Gene inactivation in mice suggests that other genes are also involved in both endocrine cell biogenesis and cyst prevention. Deletion of Onecut1, a regulator of Hnf1b, or late inactivation of Sox9 both lead to endocrine cell decrease due to a failure to produce endocrine progenitors and cyst formation in the pancreas (Jacquemin et al., 2000; Shih et al., 2012) .
Cyst formation is often a shared feature of kidney and pancreas pathologies. Indeed, inactivation of several genes, such as polycystic kidney disease 1 and 2 (Pkd1 and Pkd2), causes cysts both in the kidneys and the pancreas without reported endocrine defects (Lu et al., 1997; Wu et al., 2000) . Both genes are the main cause of autosomal dominant polycystic kidney disease (Reeders et al., 1985; Fossdal et al., 1993) . Other mouse models of polycystic kidney diseases, including the jcpk/jcpk mouse, carry point mutations in Bicc1 (Nauta et al., 1993; Flaherty et al., 1995; Cogswell et al., 2003) . Its targeted inactivation causes left-right randomization and kidney cysts (Maisonneuve et al., 2009; Tran et al., 2010) . Moreover, BICC1 mutations have been identified in pediatric patients with kidney dysplasia (Kraus et al., 2012) . BICC1 is a conserved RNA-binding protein with versatile functions (Mahone et al., 1995; Wessely et al., 2001; Gamberi and Lasko, 2012) . In Drosophila melanogaster, it regulates oskar mRNA localization involved in anterio-posterior axis establishment (Saffman et al., 1998) . In vertebrates, it can either promote or inhibit translation. Indeed, it blocks translational repression of Pkd2 mRNA by miR-17, thereby stabilizing Pkd2 mRNA levels (Tran et al., 2010) . By contrast, it can promote repression of mRNA translation by targeting miR-125a to Ac6 mRNA and miR-27a to Pkia mRNA (Piazzon et al., 2012) . In ADPKD patients and in animal models, downregulation of Pkd2 and elevated cAMP signaling promote cyst formation (Harris and Torres, 2009; Rees et al., 2014) .
Based on the existence of syndromes combining pancreatic and renal defects and the role of BICC1 in the kidney, we investigated its possible function in the pancreas of mice. We found that Bicc1 deletion leads to the formation of cysts exhibiting over-proliferation of ductal cells following Pkd2 downregulation. Moreover, endocrine cells are decreased due to the repression of the endocrine progenitor gene Neurog3. We finally show that BICC1 functions downstream of Onecut1, a gene that also controls duct morphogenesis and endocrine-cell differentiation.
RESULTS

BICC1 is expressed in the pancreas progenitors and ducts during pancreas development
To investigate a possible role for BICC1 during embryonic pancreas formation, its expression was analyzed at different stages. Bicc1 mRNA was already detected by qPCR at E10.5 (supplementary material Fig. S1A ), whereas the protein was first detected at low levels at E11.5. The expression level increased over time, and it was still detected at E18.5 and after birth in ductal cells but not in beta cells ( Fig. 1A-H ; supplementary material Fig. S1D-I ). At earlier stages, its expression was restricted to the pancreatic progenitors lining ducts and to a subset of NEUROG3 + endocrine progenitors, mostly in those that had not yet delaminated to form islets. It was excluded from the endocrine cells and acini ( Fig. 1I-T) . As previously described in cell lines (Maisonneuve et al., 2009; Tran et al., 2010) , BICC1 was present in the cytoplasm (Fig. 1I-K) . BICC1 was also expressed at E11.5 in the hepatic main duct but not in the hepatoblasts (supplementary material Fig. S1B ,C).
Bicc1 KO progenitor-lined ducts expand and form cysts
To further analyze the function of BICC1 during pancreas development, the pancreas from Bicc1 KO mice was analyzed at different stages of development. Progressively expanding cysts lined by pancreatic progenitors were detected from E14.5 ( Fig. 2A,B) , confirming previous observations made at P1 in another Bicc1 KO line and in jcpk/jcpk mouse model (Flaherty et al., 1995; Tran et al., 2010) . The cysts were not a consequence of the left/right asymmetry defects seen in Bicc1 KO, as they occurred both in left-and rightturned pancreata. Optical coherence microscopy ) revealed that the enlarged ducts formed an interconnected web rather than closed sacs (supplementary material Movies 1 and 2). The cystic web arose in the main duct and interlobular ducts, whereas the intercalated ducts were not enlarged. Quantification of ductal cells expressing dolichos biflorus agglutinin (DBA) at P0 revealed twice as many cells in Bicc1 KO pancreata than in wild-type (WT) pancreata (Fig. 2C ). Proliferating ductal cell quantification at E18.5 revealed a 1.5-fold increase in the proliferation index in Bicc1 KO pancreata (Fig. 2D) . However, it was not the primary cause of cyst formation, as proliferation of pancreatic progenitors at E14.5 was not affected by Bicc1 deletion (Fig. 2E) . Although rare, apoptotic cells were detected by terminal deoxynucleotidyl transferase-dUTP nick end labeling assay (TUNEL) in Bicc1 KO ducts but not in WT ducts (Fig. 4A-C) . Although sporadic cells positive for acinar markers and negative for ductal markers were found lining the cyst, we did not detect acinar to ductal metaplasia. The boundary between acinar and ductal compartments thus appears to be generally conserved (supplementary material Fig. S2A-D) . Numerous cilia mutants form ductal cysts in the pancreas (Cano et al., 2004 (Cano et al., , 2006 , and other cystic mutants have cilia defects (Pierreux et al., 2006; Kang et al., 2009) , thus propounding that cilia defects might contribute to cyst formation in Bicc1 KOs. However, at the beginning of cyst formation, cilia were present at E14.5 in Bicc1 KOs and did not show any obvious defects (supplementary material Fig. S2E,F) . Moreover, the number of cilia in both Bicc1 KO cystic and non-cystic ducts at E18.5 was not affected (Fig. 2F-R) . Taken together, these results show that BICC1 deficiency leads to cyst formation during development, and it is associated with increased ductal proliferation at later stages.
Endocrine cells are decreased in Bicc1 KO pancreas
To further explore the role of BICC1 in the pancreas, we investigated the differentiation of the endocrine cell types. In Bicc1 KO, islet architecture was disturbed at P0. The islets, detected by their immmunoreactivity for insulin (INS), glucagon (GCG) and somatostatin (SST), were visibly smaller. Many endocrine cells were scattered rather than clustered into islets (supplementary material Fig. S3A-F) . A higher number of endocrine cells had not delaminated from the duct (supplementary material Fig. S3G-K) .
At E14.5, the number of both alpha and beta cells, identified by their secreted hormones GCG and INS, respectively, were not changed ( Fig. 3A-C) . As the other endocrine cell types form a rare population, they were only analyzed at a later stage. At the end of gestation, the number of beta cells was reduced by 50%. The number of GHRL + cells (epsilon cells), SST + cells (delta cells) and PP + cells (PP cells) were all significantly decreased in Bicc1 KO pancreata, to the same extent as the beta cells. Finally, the alpha cell number was reduced by 20% ( Fig. 3D-F) . Bicc1 deletion thus leads to a global but late endocrine cell decrease during pancreas development.
NEUROG3
+ cells are reduced upon Bicc1 deletion Endocrine cell decrease might have different causes, such as reduced proliferation, dying cells or defective differentiation. Beta cell proliferation was quantified at E18.5, as endocrine proliferation was too low to be reliably quantified earlier. The percentage of beta cells expressing MKI67, also known as Ki67, was not changed in Bicc1 KO pancreas compared with WT ( Fig. 4D ). Moreover, a TUNEL assay, performed at E18.5, showed no apoptosis in both WT and KO beta cells (Fig. 4A-C) . To explore the possibility of a defect in the differentiation pathway we quantified the pancreatic progenitors and the NEUROG3 + endocrine progenitor cells they produce. At E14.5, the number of pancreatic progenitors marked with PDX1 was not changed (Fig. 4H) . Conversely, the endocrine progenitor number was significantly decreased by 34% in Bicc1 KOs at the same stage ( Fig. 4I-Q) . It was consistent with a 30% decrease of Neurog3 mRNA observed by qPCR at the same stage (supplementary material Fig. S4A ). These results suggest that endocrine progenitor deficiency causes the observed endocrine cell decrease.
The decrease in NEUROG3 + endocrine progenitors might be explained by a proliferation rate decrease, cell death or a generation rate reduction. It has already been shown that these cells hardly divide (Desgraz and Herrera, 2009 ). However, no NEUROG3 + cells were positive for active caspase3 (active CASP3 + ) or TUNEL in Bicc1 KO E14.5 pancreas, indicating that there was no cell death ( Fig. 4E-G ; data not shown). These Development (2015 Development ( ) 142, 858-870 doi:10.1242 DEVELOPMENT results suggest that NEUROG3 + endocrine progenitor production is affected by Bicc1 deletion.
RESEARCH ARTICLE
To investigate possible additional differentiation defects after endocrine progenitors had been produced, a short-term lineagetracing experiment was performed using the Neurog3-RFP reporter line (Y.H.K., unpublished) that marked NEUROG3 expression for about 48 h after their emergence. It enabled us to follow the differentiation path from endocrine progenitors toward endocrine . All of these populations were decreased in Bicc1 KO pancreata at E14.5 ( Fig. 4I-Q) . The similar ratio of the different populations in the Bicc1 KO compared with control suggests that the decrease of endocrine cells is mainly due to a decreased conversion of bipotent progenitors into endocrine progenitors that normally differentiate thereafter (supplementary material Fig. S4B ). Moreover, long-term lineage tracing using a Neurog3-Cre line crossed with Rosa26-YFP addressed whether NEUROG3 + cell differentiation was steadily defective until the end of gestation. The total number of recombined cells harboring the reporter was reduced to the same extent as the endocrine cells, thus showing that the defect in endocrine progenitor cell production is sustained over the developmental period. No increase of NEUROG3 progeny in the acinar and ductal exocrine compartment was observed in Bicc1 KOs, indicating that the cells expressing Neurog3 are not diverted to a different developmental path (supplementary material Fig. S4C-O) . Together, these data support the notion that the endocrine cell defect observed in Bicc1 KOs is due to an endocrine progenitor generation defect.
BICC1 does not control SOX9, ONECUT1, FOXA2, PDX1, HNF1B or the NOTCH pathway but functions downstream of ONECUT1
The mechanism by which BICC1 controls NEUROG3 + endocrine progenitors was further investigated. BICC1 binds to mRNAs and regulates positively or negatively their translation (Tran et al., 2010; Piazzon et al., 2012) . A direct regulation of Neurog3 mRNA by BICC1 is unlikely, as Neurog3 transcriptional reporters were affected by Bicc1 deletion to the same extent as NEUROG3 protein. Instead, BICC1 might target activators or repressors of Neurog3. NEUROG3 + cell production is negatively regulated by the NOTCH pathway. HES1, expressed upon NOTCH pathway activation, is a repressor of Neurog3. Its deletion leads to massive NEUROG3 + cell production and endocrine differentiation Lee et al., 2001 ). However, HES1 protein levels were not changed in Bicc1 KO pancreata at E15.5 (Fig. 5A,B ). Its mRNA level was also unchanged one day earlier, as was the mRNA level of Delta-like1 (Dll1) that activates the NOTCH pathway (Apelqvist et al., 1999) (Fig. 5C ). We therefore tested whether the loss of Bicc1 affects transcription factors that activate Neurog3, such as SOX9, FOXA2, PDX1, HNF1B or ONECUT1 (Jacquemin et al., 2000; Lynn et al., 2007) . The SOX9 expression pattern was indistinguishable between Bicc1 KO and WT pancreata at E14.5 (Fig. 5D,E) . Moreover, the protein levels of SOX9, FOXA2, PDX1 and HNF1B were not changed at E15.5 upon Bicc1 deletion Table S1 for further data.
( Fig. 5A,B) . Although Onecut1 mRNA was increased by 34% in Bicc1 KO compared with WT pancreas (Fig. 5F ), its protein level was not changed (Fig. 5A,B) , and the localization of the protein was normal (Fig. 5H,I ). In conclusion, NEUROG3 + cell reduction is not due to a decrease of its activators SOX9, FOXA2, PDX1, HNF1B and ONECUT1 or to NOTCH pathway alteration. Onecut1 KO embryos also develop pancreatic cysts combined with a decrease in endocrine cells due to defective endocrine (B) Quantification of the western blot shown in A is performed by normalizing band intensity to TUB intensity. Results are relative to WT mean. None of them are affected by Bicc1 deletion (SOX9: WT, n=4; Bicc1 KO, n=4, P=0.30; HES1: WT, n=4; Bicc1 KO, n=4, P=0.06; HNF1B: WT, n=4; Bicc1 KO, n=4, P=0.10; FOXA2: WT, n=4; Bicc1 KO, n=4, P=0.48; PDX1: WT, n=4; Bicc1 KO, n=4, P=0.37; ONECUT1: WT, n=7; Bicc1 KO, n=8, P=0.13). (C) qPCR analysis for Hes1 and Dll1 performed on E14.5 WT and Bicc1 KO dorsal pancreata does not show any differences (Hes1: WT, n=4; Bicc1 KO, n=5, P=0.45; Dll1: WT, n=4; Bicc1 KO, n=5, P=0.55). (D,E) Immunofluorescence staining performed on E14.5 WT (n=4) and Bicc1 KO (n=4) pancreatic sections do not show SOX9 (orange) expression pattern differences between both genotypes. (F) qPCR analysis of Onecut1 in WT versus Bicc1 KO E14.5 dorsal buds reveals a 34% increase in Onecut1 transcript in the KO (WT, n=4; Bicc1 KO, n=5; P=0.042). (G) qPCR analysis of Bicc1 in WT versus Onecut1 KO E14.5 dorsal buds shows a decrease by 40% of Bicc1 transcript in the Onecut1 KO (WT, n=4; Onecut1, n=3; P=0.027). (H,I) Immunofluorescence staining for ONECUT1 on E14.5 WT (n=2) and Bicc1 KO (n=2) pancreatic sections shows no expression pattern difference. qPCR results are normalized to the housekeeping gene Hprt1. Results are represented in percentage of WT mean. Sections are counterstained with DAPI (white). Scale bars: 25 µm. See supplementary material Table S1 for further data.
progenitor differentiation (Lynn et al., 2007) . As the experiments above showed that BICC1 does not promote ONECUT1 expression, we investigated whether BICC1 functions downstream of Onecut1. Indeed, we found that Bicc1 mRNA was decreased by 40% in Onecut1 KO pancreata (Fig. 5G) , suggesting that ONECUT1 promotes Bicc1 expression.
Although BICC1 was previously shown to control Wnt signaling in the node and in a cell line reporter assay (Maisonneuve et al., 2009 ), we did not detect any change in Axin2 and Tcf7, two Wnt targets, nor any alterations in the expression of the Axin2-lacZ reporter in the pancreata of Bicc1 KOs at E14.5 (supplementary material Fig. S5 ).
Cyst formation is associated with PKD2 downregulation and immune cell infiltration
To decipher the molecular mechanisms underlying cyst formation in Bicc1 KO pancreata, E13.5 Bicc1 KO and WT pancreas transcriptomes were compared by RNA sequencing. At this stage, duct enlargement was not yet observed, allowing us to detect expression changes prior to cyst formation rather than as a consequence of it. Only few genes were significantly upregulated or downregulated with an FDR<0.05 (Tables 1 and 2 ). All upregulated genes were expressed at low levels, with an rpkm<1 in WT pancreata. Among the downregulated genes, Pkd2 was decreased 1.9-fold in Bicc1 KO compared with WT pancreata. PKD2 deficiency results in pancreas and kidney cyst formation (Wu et al., 2000; Chang et al., 2006) . PKD2 was expressed in the pancreatic ducts and appeared more weakly expressed in Bicc1 KO. Moreover, western blot revealed a 2.1-fold decrease in PKD2 protein levels in Bicc1 KO pancreata at E15.5, suggesting that regulation of PKD2 by BICC1 operates before translation (Fig. 6A-D) .
Due to the small number of differentially regulated genes, it was not possible to perform a gene ontology analysis. Nevertheless, an important proportion of both up-and downregulated genes were related to the immune system, such as S100a8, S100a9, Crp and Cma1, thereby arguing for an immune status change (Tables 1 and  2 ). To further investigate this observation, the number of cells stained for CD45, a pan-immune cell marker, was quantified in Bicc1 KO and WT E14.5 pancreata. It revealed a twofold increase in the Bicc1 KO (Fig. 6E-G) , with their presence correlated with the extent of cysts. Many of these cells were macrophages expressing EMR1, also called F4/80 (Fig. 6H-K) . Moreover, tissue surrounding the cysts at E18.5 also exhibited numerous CD45 + cells and EMR1 + cells. The cysts at this stage were also surrounded by smooth muscle actin + (ACTA2 + ) cells, suggestive of fibroblast activation Haber et al., 1999) (Fig. 6L-O) . ACTA2 + cells were only present at E14.5 in a subset of Bicc1 KO pancreata (Fig. 6H-K) , which suggests a secondary effect of cyst formation and/or of immune cell recruitment. In conclusion, cysts arose in a context of PKD2 decrease and immune cell infiltration with stromal reaction.
DISCUSSION BICC1 integrates epithelial morphogenesis and differentiation
We show here that BICC1 integrates appropriate pancreatic ductal tree morphogenesis and differentiation of endocrine cells originating from the progenitor-lined ducts. The absence of BICC1 causes cysts in both pancreatic and liver ducts, in addition to kidney dysplasia (Maisonneuve et al., 2009; Tran et al., 2010) . Moreover, we show that BICC1 normally potentiates NEUROG3 + endocrine progenitor production, leading to endocrine cell reduction in Bicc1 KO pancreata (Fig. 7) . These defects occur relatively late in pancreas development: BICC1 expression is elevated at E12.5 in bipotent ducto-endocrine progenitors, and upon the loss of Bicc1, NEUROG3 is decreased at E14.5 (RNA and cell number) but not yet at E13.5 (RNA sequencing). Endocrine cell decrease follows, being detected at E18.5 but not yet at E14.5. Our long-term lineage tracing shows a sustained decrease of 30-50% of endocrine cell production from E14.5 onwards. Glucagon cell production is therefore less affected in the Bicc1 KO, as they are produced in large numbers before E14.5 (Johansson et al., 2007) .
Neurog3
+ progeny were globally reduced to the same extent as endocrine cells, indicating that BICC1 does not control endocrine cell production downstream of Neurog3.
BICC1 targets mediating endocrine cell differentiation
BICC1 is either able to repress translation by facilitating miRNA binding (Piazzon et al., 2012) or to enhance translation by inhibiting miRNA activity, thus stabilizing protein levels of the targets more than RNA levels (Tran et al., 2010; Gamberi and Lasko, 2012) . We ruled out that BICC1 directly regulates Neurog3 Bicc1 KO pancreata (n=2), whereas there are only a few, scattered macrophages in WT pancreata (n=4). Insets show high magnification views of the dashed boxes. Sections are counterstained with DAPI (white). Scale bars: 10 µm in A,B,E,F and insets; 20 µm in H-O. See supplementary material Table S1 for further data.
2001; Shih et al., 2012; Ejarque et al., 2013) . ONECUT1 also activates Neurog3 expression (Jacquemin et al., 2000) , but although Onecut1 was upregulated at the mRNA level, its protein level was unchanged, arguing against it being targeted by BICC1 (Fig. 7) . Other transcription factors activate the Neurog3 promoter, such as ONECUT2, HNF1A, GLIS3 and MYT1 (Lee et al., 2001; Vanhorenbeeck et al., 2007; Wang et al., 2007 Wang et al., , 2008 Yang et al., 2011) . It would thus be interesting to see whether these putative targets are affected by Bicc1 deletion. The role of BICC1 in targeting mRNAs by miRNAs implies that its action is not seen at the mRNA level, as many miRNAs do not regulate transcript levels. It might explain why none of the genes above were changed in the transcriptome analysis of Bicc1 KO versus WT pancreata. Few BICC1 targets are currently known, and the identification of its binding mRNA partners would give better insight into the generation of NEUROG3 + endocrine progenitors.
BICC1 controls epithelial morphogenesis downstream of ONECUT1 and upstream of PKD2
Bicc1 KO pancreatic phenotype partially recapitulates the Onecut1 KO phenotype. Indeed, in both cases, there are ductal cysts and fewer endocrine cells, due to a failure to produce endocrine progenitors (Jacquemin et al., 2000) . We show that ONECUT1 controls Bicc1 transcript levels. ONECUT1 might activate Bicc1 expression directly, but an indirect control via HNF1B is plausible. Indeed, ONECUT1 enhances Hnf1b expression, and the latter is able to induce Bicc1 expression in the kidney (Maestro et al., 2003; Verdeguer et al., 2010) . Cyst formation is a shared feature of several mutants affecting pancreas development. Cilia mutants have cysts in the pancreas, and Onecut1 KOs lack cilia at early stages (Cano et al., 2004 (Cano et al., , 2006 Pierreux et al., 2006) . However, the presence of cilia has been reported in the cochlea and node of Bicc1 KOs (Maisonneuve et al., 2009; Piazzon et al., 2012) , and we also observed them in their pancreata. However, BICC1 affects cilia position on the cells and their ability to synergistically rotate in the node. These cilia normally generate a flow of extracellular signals creating left-right asymmetry in embryos. In Bicc1 KOs, the fluid flow randomization thus leads to left-right randomization (Maisonneuve et al., 2009) . Their position and function is difficult to assess in the tortuous pancreatic ducts but is possibly altered.
Other mouse mutants also exhibit pancreatic cysts. Neurog3 KOs harbor cysts smaller than those seen in Bicc1 KOs (Magenheim et al., 2011) . However, these cysts are thought to originate from an accumulation of endocrine progenitors failing to further differentiate, which is not the case in Bicc1 KOs. It is also unlikely that the presence of cysts causes the endocrine defect, as certain gene KOs have normal endocrine cell numbers in spite of the presence of cysts (Cano et al., 2004 (Cano et al., , 2006 . Sox9 KO pancreata also have cysts due to an expanded ductal population, but SOX9 is not affected in Bicc1 KOs. SOX9 and BICC1 appear to prevent cyst formation independently of each other by controlling Pkd2 expression . Pkd2 KO embryos and heterozygotes acquiring a spontaneous mutation of the second allele exhibit cysts in the pancreas and in the kidneys (Wu et al., 2000; Chang et al., 2006) . In the kidneys, BICC1 inhibits targeting of Pkd2 by miR-17, thus stabilizing PKD2 (Tran et al., 2010) . PKD2 also functions downstream of BICC1 in osteoblasts, and knockdown of Bicc1 is rescued by overexpressing Pkd2 (Mesner et al., 2014) . Together, these findings suggest that PKD2 is a major mediator of BICC1 activity in multiple organs.
An indirect and early mesenchymal contribution to cyst formation
A conserved feature of cyst formation in kidney is its association with fibrosis and infiltrating macrophages. Activated macrophages have been shown to promote cyst formation in polycystic kidney disease models (Karihaloo et al., 2011; Swenson-Fields et al., 2013; Ta et al., 2013) . However, macrophage infiltration is insufficient to induce cyst formation in the fetal pancreas (Geutskens et al., 2005) . In adults, however, macrophages are able to activate pancreatic stellate cells, the fibroblasts present in the pancreas (Schmid-Kotsas et al., 1999) . Once activated, stellate cells start to express ACTA2 and promote fibrogenesis by producing extracellular matrix component (Masamune et al., 2009; Shi et al., 2014) . In Bicc1 KOs, the expansion of resident or infiltrating macrophages that we uncovered might promote cyst formation and at the same time activate stellate cells. Indeed, whereas immune cells were present in all pancreata as early as E14.5, ACTA2
+ cells were present in some Bicc1 KO pancreata and became more prevalent at E18.5.
A role for BICC1 in syndromes associating kidney defects and diabetes?
Heterozygous BICC1 mutations in human have been identified and associated with kidney dysplasia (Kraus et al., 2012) . Other syndromes associate kidney defects with diabetes and/or pancreatic dysplasia. Indeed, MODY5 syndrome, in which HNF1B is mutated, is characterized by kidney cysts and diabetes (Bellanné-Chantelot et al., 2005) . Both HNF1B and BICC1 prevent kidney cysts and control pancreas development, which might be explained by the ability of HFN1B to activate Bicc1 directly (Haumaitre et al., 2006; Verdeguer et al., 2010) or indirectly (De Vas et al., 2015) . It will be important to investigate whether BICC1 mutations contribute to syndromes associated with kidney cysts and either diabetes or pancreatic + endocrine progenitors (green). These progenitors leave the ducts (gray) while differentiating into endocrine cells (red). After the onset of the secondary transition, BICC1 is present in bipotent ductal progenitors (yellow). It regulates PKD2 and thereby inhibits ductal overproliferation maintaining ductal homeostasis. BICC1 might also inhibit proliferation via other targets. It also promotes Neurog3 expression via an unknown factor, enabling the differentiation toward endocrine progenitor (green). Whereas ONECUT1 directly activates Neurog3 (Jacquemin et al., 2000) , it also promotes Bicc1 expression.
dysplasia or to link BICC1 with already identified genes in such syndromes. Other monogenic forms of type 2 diabetes might also be associated with kidney dysplasia. For example, GLIS3 mutations can cause neonatal diabetes associated with cystic kidneys (Senée et al., 2006) . We have also observed a stromal reaction in Bicc1 KOs, which leads us to think that some patients with Ivemark syndrome, who exhibit cystic kidneys and pancreatic fibrosis, might bear Bicc1 mutations (Vankalakunti et al., 2007) . The genetic causes of this familial syndrome have been identified in only a subset of cases, and include mutations in nephronophthisis 3 (NPHP3) (Bergmann et al., 2008; Fiskerstrand et al., 2010) . These studies will be important for genetic counseling and patient management.
MATERIALS AND METHODS
Mice and genotyping
Mus musculus were either housed at EPFL, Switzerland, at the University of Copenhagen, Denmark, or at UCL, Belgium. The Service de la consommation et des affaires vétérinaires, Vaud in Switzerland, the Commission d'Ethique d'Expérimentation Animale of UCL in Belgium or the Dyreforsøgstilsynet in Denmark approved the mouse housing and experiments in their respective countries. Bicc1tm1Bdc (Bicc1) (Maisonneuve et al., 2009 ), Tg(Ngn3-tRFP)AGB (Neurog3-RFP) (Kim et al., unpublished data), Gt(ROSA)26Sortm1(EYFP)Cos (Rosa YFP) (Srinivas et al., 2001 ), Tg(Neurog3-cre)C1Able Ngn3-Cre (Neurog3-Cre) (Schonhoff et al., 2004) and Onecut1 (Jacquemin et al., 2000) B6.129P2-Axin2tm1Wbm/J (Axin2-lacZ) (Lustig et al., 2002 ) mouse lines were used for this study. Genotyping primers and conditions are listed in supplementary material Table S2 .
Specimen preparation
Guts, pancreas or dorsal pancreatic buds were dissected from mouse embryos at different stages or postnatally and treated as described by Cortijo et al. (2012) . Cryostat sections (7 µm thick) were collected. For quantification, systematic uniform random-sampled sections (SUR sections) were collected every 5, 6 and 10 sections for E12.5, E14.5 and E18.5/P0, respectively.
Histology, immunofluorescence, X-Gal staining and TUNEL assay
Haematoxylin & eosin (H&E) staining was performed on cryosections. Immunofluorescence was performed as described by Cortijo et al. (2012) . Antibodies and the dilution used in this study are listed in supplementary material Table S3 . TUNEL assay was performed with an ApopTag fluorescein direct in situ apoptosis detection kit (Millipore, S7160) and followed by immunofluorescence staining as described by Cai et al. (2012) . X-Gal staining was performed as described by Dessimoz et al. (2005) .
Images and image analyses
A Leica SP8 confocal microscope, a Leica DM5500 upright wide-field microscope and a 3DHISTECH panoramic MIDI slide scanner were used for imaging. Quantifications were performed either manually or automatically by counting stained positive-cell profiles harboring a nucleus. See supplementary materials for an extended procedure description.
Western blot
E15.5 pancreata were lysed and sonicated in Laemmli buffer. After protein separation by electrophoresis and transfer, the membrane was incubated overnight with primary antibody. It was detected by chemiluminescence after HRP-conjugated secondary antibody incubation. Membranes were stripped and reprobed. See supplementary materials for an extended protocol. Antibodies and the dilution used in this study are listed in supplementary material Table S3 . For comparison, the protein of interest was normalized to α-tubulin (TUB) level. Results are relative to WT mean.
RNA extraction and RT-qPCR
RNA was extracted from E10.5, E11.5, E12.5 and E14.5 dorsal bud using RNeasy Mini Kit (QIAGEN, 74104) including a DNase treatment with RNase-free DNase (QIAGEN, 79254) following the manufacturer instructions. 100 ng to 500 ng of RNA was then reverse-transcribed into cDNA with SuperScript III reverse transcriptase (Life Technologies, 18080-044) following the manufacturer's protocol. qPCRs were performed on 1/5 to 1/50 of the synthetized cDNA on the StepOnePlus real-time PCR system (Life Technologies) using Power SYBR Green as dye (Applied Biosystems, 4368577) and analyzed as described in Thompson et al. (2012) . For comparison, the gene of interest was normalized to the housekeeping gene Hprt1. Results are indicated as percentage of the WT mean. Primer sequences and annealing temperatures are listed in supplementary material Table S2 .
RNA sequencing
RNA was extracted from E13.5 dorsal bud using an RNeasy plus micro kit (QIAGEN, 74034) following the manufacturer protocol allowing small RNA elution. Three samples of the same genotype were then pooled together. TruSeqRNA libraries were synthetized from 500 ng of three WT and three Bicc1 KO pools. Libraries were sequenced on an Illumina HiSeq 2000 platform (three replicates per condition, 100 nt single-end reads) and mapped to the mm9 mouse genome with bowtie v0.12.7 (480 million reads mapped in total) (Langmead et al., 2009) . The data were then filtered to eliminate genes which had read per kilobase per million (rpkm) below 0.01, and were analyzed using the NIA array analysis tool (http://lgsun.grc.nia. nih.gov/ANOVA/). Differences with an FDR<0.05 were considered statistically significant. RNA sequencing data are available on NCBI Gene Expression Omnibus (accession number: GSE58833).
Statistical analysis
Statistical analyses were performed with GraphPad Prism4 and 6 software packages and Microsoft Excel. Results were indicated by the mean±s.d. except for Fig. 6G , which shows a dot plot with the mean. Differences assessed with t-test (assuming normal distribution) were considered statistically significant when the P-value was <0.05.
Blue staining (Life Technologies, LC6065). After washing in Tris buffer saline Tween20 (2.42 g/l Trizma base, 8 g/l NaCl, 0.1% Tween20 pH7.6) (TBST), the membrane was blocked in 10% skimmed milk in TBST for 1 hour. It was incubated with primary antibody diluted in 5% BSA in TBST overnight at 4°C.
After washes with TBST, the membrane was incubated with HRP conjugated secondary antibody diluted in 5% skimmed milk in TBST for 1 hour. It was then washed in TBST. ECL kit (GE Healthcare, RPN2232) using manufacturer protocol was used for detection with Biorad Gel Doc™. Antibody on the membrane could be stripped with stripping buffer (72.5 mM Tris pH 7.5, 2% SDS, 125 mM β-mercaptoethanol) at 65°C for 20 minutes. The membrane was then washed in TBST and used for another immunoblot. Antibodies and the dilution used in this study are listed in Table S3 . For comparison, the protein of interest was normalized to alpha tubulin (TUB) level. Results are relative to WT mean.
Extended focus Optical Coherence Microscopy (xfOCM)
The prototype xfOCM system developed for this study is described in ). E17.5
pancreata from WT and Bicc1 KO mice (n=3 for both genotype) were fixed in 4% PFA, transferred to 15% sucrose in PBS prior to imaging. For xfOCM observation, the samples were mounted between a slide and a coverslip by means of a plastic spacer of 2 mm thickness. For each sample, 0.5×0.5 mm, were scanned in the splenic part of the pancreas. LacZ/+ embryos at E14.5. LacZ staining (black dots) is detected in GCG + cells (red, red dashed lines) and in some mesenchymal cells (yellow arrowheads) but not in the pancreatic progenitor epithelium, stained by E Cadherin (CDH1, green, green dashed lines) both in WT (n=3) and in Bicc1 KO (n=3). (G) Q-PCR analysis for Tcf7 and Axin2 in E14.5 WT and Bicc1 KO dorsal bud pancreata shows a decrease by 27% in the KO (WT, n=4; Bicc1 KO, n=5: Tcf7, p=0.22; Axin2, p=16). Expression levels are normalized to Hprt1 mRNA level. Results are represented as a percentage of mRNA level of WT mean. Sections were counterstained with Dapi (blue). Scale bar 25 µm. See table S1 for further data. 
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